Myxoid liposarcoma has the pathognomonic fusion oncogene FUS-DDIT3 encoding a chimeric transcription factor. Metastatic risk is higher with an increased round cell component and has been linked to aberrations involving the IGFR/ PI3K/AKT pathway. These molecular insights have yet to translate to targeted therapies, and the lack of experimental models is a major hindrance. We describe the initial in-depth characterization of a new cell line (DL-221) and establishment of a mouse xenograft model. The cell line DL-221 was derived from a metastatic pleural lesion showing myxoid and round cell histology. This newly established cell line was characterized for phenotypic properties and molecular cytogenetic profile, using PCR, COBRA-FISH, and western blot. Next-generation whole-exome sequencing was performed to further characterize the cell line and the parent tumor. NOD-SCID-IL2R gamma knockout mice were xenograft hosts. DL-221 cells grew an adhering monolayer and COBRA-FISH showed an aneuploid karyotype with t(12;16) (q13;p11) and several other rearrangements; RT-PCR demonstrated a FUS-DDIT3 fusion transcript type 1. Both the cell line and the original tumor harbored a TP53 compound heterozygous mutation in exon 4 and 7, and were wild-type for PIK3CA. Moreover, among the 1254 variants called by whole-exome sequencing, there was 77% concordance between the cell line and parent tumor. The recently described hotspot mutation in the TERT promoter region in myxoid liposarcomas was also found at C228T in DL-221. Xenografts suitable for additional preclinical studies were successfully established in mice after subcutaneous injection. The established DL-221 cell line is the only published available myxoid liposarcoma cell line that underwent spontaneous immortalization, without requiring SV40 transformation. The cell line and its xenograft model are unique and helpful tools to study the biology and novel potential-targeted treatment approaches for myxoid liposarcoma. Myxoid liposarcoma (MLS) is a malignant mesenchymal neoplasm, representing one-third of the liposarcomas, and accounting for 5% of all adult soft tissue sarcomas. 1 Histologically, MLS is composed of a variably cellular ovoid cell proliferation with signet-ring lipoblasts set in a myxoid matrix with characteristic plexiform vasculature. Areas of undifferentiated small round cells with scarce cytoplasm and no matrix (round cell variant) are associated with a higher metastatic potential and a worse prognosis. [2] [3] [4] [5] [6] [7] [8] Other poor prognostic factors are the presence of necrosis, male gender, increasing age, and multifocal disease. 2, [8] [9] [10] Localized MLS can be effectively treated with surgery or the combination of surgery and radiation, but 35-50% of patients develop recurrence or metastases. The metastatic pattern is unconventional with spread to sites in soft tissue or bone sometimes occurring before the tumor metastasizes to the lungs. 1, 6, 11 Although MLS is relatively sensitive to
radiotherapy and certain chemotherapeutic agents, treatment of extensive disease is challenging. 12 MLS is characterized by a reciprocal translocation generating a fusion transcription factor oncogene. In 495% a translocation t(12;16)(q13;p11) is present, fusing FUS (fused in sarcoma; a.k.a. TLS) with DDIT3 (DNA-damage-inducible transcript 3; a.k.a. CHOP). 13, 14 At least eleven different FUS-DDIT3 fusion types have been described and the fusion type does not impact clinical outcome. 2, 13, 15 Less than 5% of the cases harbor a t(12;22)(q13;q12) leading to an EWSR1-DDIT3 fusion of which four different transcripts are described. 1, 15, 16 Although the exact mechanism via which the chimeric transcription factor exerts its oncogenic effects remains to be elucidated, it is postulated that it acts as an aberrant transcriptional regulator, stimulating proliferation while inhibiting adipogenic differentiation. [17] [18] [19] The chimeric product is highly expressed and interferes with heterodimerization of DDIT3 with CCAAT/enhancer-binding protein-β (C/EBPβ). The activity of the transcription factors C/EBPα and PPARγ is inhibited and fat differentiation is blocked. 19 Exome sequencing and biomarker analysis of MLS specimens has identified alterations in the IGF/AKT/mTOR axis, implicated in cellular processes, such as cell survival, proliferation, and growth. Overexpression of the receptor tyrosine kinases AXL, RET and IGF1R, and the ligand IGF1 are negative prognostic biomarkers. 8, 20, 21 Activating mutations in PIK3CA are found in 14-18% of MLS and loss of expression of PTEN is found in 12% of the tumors and is mutually exclusive from PIK3CA mutations. 22, 23 Increased PI3K/AKT signaling has been demonstrated by high expression of downstream targets like phosphorylated 4EBP1, PRAS40, and S6. The PIK3CA mutation rate, IGFR expression, and loss of PTEN were higher in tumors with a round cell component suggesting that this pathway might be involved in round cell transformation and tumor progression. TP53 mutations and reduced protein expression of p16INK4/ p14ARF have been identified in a subset of tumors, most frequently in round cell components. 24 Hotspot mutations in the TERT (telomerase reverse transcriptase) promoter region were recently reported in MLS (23-74%). 25, 26 These mutations led to increased protein expression of TERT and have been implicated in telomerase dysregulation and the resultant proliferative capability of tumor cells. 27 The cancer-testis antigen NY-ESO-1 (a.k.a. CTAG1B) has recently shown to be almost universally expressed in MLS (89-100%). [28] [29] [30] NY-ESO-1 expression is normally limited to germ cells making it a good cancer immunotherapeutic target. 31, 32 Over the last few years, we have gained increasing insight into the molecular pathogenesis of MLS; however, translating this knowledge into specific therapies has been challenging. Reliable in vitro and in vivo models are crucial to investigate novel therapies and to study the mechanisms of action. Although MLS is a common sarcoma subtype, so far only two MLS cell lines (402-91 and 1765-92) were established, both immortalized by transfection with the SV40 large T-antigen, and have been made available worldwide. 33, 34 In this study, we present the establishment and characterization of a new MLS cell line (DL-221), which to our knowledge is the first spontaneously immortalized cell line of this tumor type. This was undertaken as part of the International Myxoid Liposarcoma Consortium, and our motivation was to facilitate preclinical research by having representative models to test new therapies.
MATERIALS AND METHODS Myxoid Liposarcoma Primary Culture and Cell Lines
With approval of the Institutional Review Board of The University of Texas MD Anderson Cancer Center and with patient's written informed consent, isolation of tumor cells was performed as described previously. 35 Cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) (Gemini bio-products, West Sacramento, CA) and 1% penicillin-streptomycin (100 U/ml), and placed in a humidified 5% CO 2 incubator at 37 ºC. The previously established human MLS cell lines 402-91 and 1765-92 were cultured in RPMI1640 (Thermo Fisher Scientific, Waltham, MA) supplemented with FBS and antibiotics. The population doubling time was calculated during the exponential growth phase using the algorithm provided by Doubling Time software (http://www.doubling-time.com). All cell lines were tested on a regular basis for mycoplasma infection. Short tandem repeat (STR) DNA fingerprinting was performed on the cell lines, the metastatic tumor tissue from which the DL-221 cell line was derived and from xenografted tissue (AmpFLSTR Identifiler PCR Amplification kit; Applied Biosystems, Foster City, CA). The data was analyzed with GeneMapper (v4.0, Applied Biosystems).
Fluorescence In Situ Hybridization (FISH) Two color FUS split-apart FISH was performed on interphase cells using a probe mix containing bacterial artificial chromosome clone RP11-196G11 direct labeled with FITC (FITC-dUTP) (Roche diagnostics GmbH, Mannheim, Germany) and clone RP11-120K18 direct labeled with Cy3 (Roche). Both clones flank the FUS gene and are separated by 120 kbp. Scoring of the split-apart FISH was done by counting at least 100 nuclei; signals were considered split-apart when their distance was larger than the size of a single hybridization signal. Collected metaphase cells were used for COBRA-FISH. Pictures were taken with a DMRA microscope (Leica, Rijswijk, the Netherlands) and karyotypes analyzed with Colorproc (v2.0, LUMC, Leiden, The Netherlands). A detailed description of the collecting, hybridization, probe labeling, and COBRA-FISH protocols has been published. 36, 37 FUS-DDIT3 Fusion-Type Characterization Total RNA was extracted from cells using RNeasy Mini Kit (Venio, The Netherlands) as per manufacturer's instructions. cDNA was generated using the SuperScript III reverse transcriptase kit (Life Technologies, Carlsbad, CA) and PCR was performed with Taq polymerase (Life Technologies). Sanger sequencing of the amplified product was performed; Chromas (Technelysium, South Brisbane, QLD, Australia) and the BLAST Multiple Alignment tool (NCBI) were used to depict the sequence and analyze the breakpoints, respectively. 23 A detailed description of PCR conditions has been published previously (see Supplementary Table S1 for primers). 13 Immunoprecipitation, SDS-PAGE, and Western Blot Immunoprecipitation was performed on protein lysates from near-confluent cells. The cells were washed twice with ice-cold phosphate-buffered saline and collected by scraping in ice-cold lysis buffer containing 15 mM Tris (pH 8.0), 100 mM NaCl, 1% Triton X-100, supplemented with protease inhibitor cocktail (P2714, Sigma-Aldrich, St Louis, MO). Lysates were incubated on ice for 30 min, clarified by centrifugation at 4°C, followed by protein estimation using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Overnight immunoprecipitation with anti-DDIT3 (sc-793, Santa Cruz Biotechnology, Dallas, TX) was performed using Dynabeads Protein G (Life Technologies, Carlsbad, CA) as per manufacturer's instructions. Next, SDS-PAGE separation and western blot were performed using anti-FUS (sc-373698, Santa Cruz) and anti-DDIT3 (ab10444, Abcam, Cambridge, UK) for detection. The following Cell Signaling Technology (Danvers, MA) antibodies were also used for western blot: anti-AKT (#2920), anti-phospho-AKT (Ser473) (#9271), anti-AXL (#4566), and PTEN (#9559). Antibodies of Abcam were used for western blot analysis of HDAC-1 (ab19845), HDAC-2 (ab32117), and HDAC3 (ab32369). 38 Molecular Characterization: Mutation Analysis and Myxoid Liposarcoma-Associated Biomarkers Mutation analysis was performed for exon 4-10 of TP53, exons 9 and 20 of PIK3CA, and the TERT promoter region by conventional Sanger sequencing as described elsewhere (Supplementary Table S1 ). 23 Detailed procedures of NY-ESO-1 immunohistochemistry have been described previously. 30 Cell Viability Assay In vitro cell viability assays were performed as described previously. 39 Briefly, metabolic activity was measured by a WST-1 colorimetric assay as read-out for the cell viability after doxorubicin treatment. Cells were treated with increasing doxorubicin concentrations for 72 h in quadruplicates and experiments were performed 2-4 times. GraphPad Prism (v6.05, La Jolla, CA) was used to calculate the IC 50 -values.
In Vivo Animal Model
All animal procedures and care were approved by the MD Anderson Cancer Center Institutional Animal Care and Usage Committee. Animals received humane care as per the Animal Welfare Act and the NIH 'Guide for the Care and Use of Laboratory Animals'. Mouse studies were performed as described previously. 40 Briefly, 3 × 10 6 cells were injected subcutaneously in the flank of (n = 2/cell line) 6-weeks-old female NOD-SCID-ILR2 gamma mice (NOD.Cg-Prkdc scid
Il2rg
tm1Wjl /SzJ, The Jackson Laboratory, Bar Harbour, ME). Tumor growth was assessed twice weekly with a digital caliper (Mitutuyo, Chicago, IL); tumor volume was calculated by using the formula (tumor volume (mm 3 ) = length × width × height × 0.5). Mice injected with DL-221 cells were sacrificed at 79 and 92 days post injection due to ulcerated tumor burden. The tumors were resected, weighed (Ohaus Adventurer Pro Scale), fixed in formalin and embedded in paraffin. Sections were H&E stained to evaluate tumor histology. FUS split-apart FISH was performed to confirm the presence of the translocation.
Sequencing
Whole-exome sequencing was performed on DNA isolated from the DL-221 metastatic tumor tissue and its derivative cell line at passage 33/34. Coding regions were captured with baits from the Agilent SureSelect Human All Exon V4 (Agilent Technologies, Santa Clara, CA). After selecting for 200 bp median fragment sizes, the samples were run on an Illumina HiSeq 2000 (Illumina, CA) to generate 76 bp pairedend reads. Duplicate reads were removed using Picard and mapping was done using BWA, 41 giving an overall mean coverage of 69 × for the metastatic tumor and 62 × for the derived cell line. The percentages of reads having at least 50 × mean coverage were 75 and 65%, respectively.
Variants were called separately for each sample using VarScan1 42 against the human reference genome. Further comparisons between samples were done by using MuTect 43 and Pindel 44 with each one of either the tumor or cell line being set as the 'reference' with 3% allele frequency cutoff for making calls. To confirm the translocation, Breakdancer 45 and Meerkat 46 were used. Visual comparisons of allele frequency patterns were made using R: Vioplot 47 scatterplot, and 2D kernel density plots. Annotations were obtained using AnnoVar, including protein predictors Mutation Assessor and Polyphen2. The pathway analysis was performed using DAVID. 48, 49 The exome sequence data has been deposited in the European Genome-phenome Archive.
Results

Patient History and Establishment of the DL-221 Cell Line
The cell line was generated from a metastatic tumor deposit from the pleura of a 42-year-old male patient ( Figure 1a ). The patient was originally diagnosed with myxoid liposarcoma of the right anterior thigh that was treated with surgical resection and adjuvant radiation therapy. One year later he was diagnosed with metastatic disease involving the right periorbital area and chest wall (10th rib) for which he received adriamycin/ifosfamide followed by right lateral orbitotomy and chest wall resection. Subsequently, the patient developed multiple metastatic lesions involving the thoracic, lumbar spine, and sacrum for which he received multiple chemotherapy regimens. The pleural lesion that was utilized to establish the cell line had been treated with trabectedin before resection. The pathology report indicated that the metastatic lesion was found to have a myxoid and sclerotic component. In addition, round cell change was identified. He developed additional metastatic disease involving the lungs, pleura, posterior diaphragmatic region, pelvic muscles, and presacral space for which he was again treated with trabectedin followed by single agent doxorubicin. He ultimately succumbed to the disease.
Isolated tumor cells from the metastatic pleura tumor were originally slow growing and passaged once a month, until after 14 months they underwent spontaneous immortalization and a fast growing clone emerged. This clone was isolated and expanded, and after 24 consecutive months of culturing, the cell line has reached over 90 passages. The cell line has a population doubling time of 30 h calculated at passage 62; this was stable at least through passage 90. Tumor cells grow in an adherent monolayer fashion; phase contrast microscopy revealed spindle cell morphology in monolayer culture (Figure 1b) . Cells are mononuclear and the enlarged nuclei contain one or more clearly discernible nucleoli. The cells do not exhibit contact inhibition when reaching confluence. A genetic profile of the cell line was generated by STR typing and was consistent with the metastatic lesion (Supplementary Table S2 ).
COBRA-Fluorescence In Situ Hybridization
The presence of the diagnostic FUS-DDIT3 translocation was monitored with FUS split-apart FISH at several times during the culture process to assure a pure culture of tumor cells. The composite karyotype of the DL-221 cell line at passage p31 and p68 was 71~75o3n ± 4,der(X)t(X;15)(q;q)x2,-Y, der(2)t(X;2)(q;p)t(2;3)(q;p)x2,-4,+5,der(7)t(7;X)(q;q),+i(7)(q10), +7,+8,+8,-9,+11,t(12;16)(q13;p11), − 13,+14, − 15,der(17)t(10;17) (p;p),+18,+19,+20,+21,idic (22) [10]/ 71~75o3n ± 4,der(X) t(X;15)(q;q)x2, − Y,der(2)t(X;2)(q;p)t(2;3)(q;p)x2,der(4)t(2;4)q(q; p), − 4,+5,der(7)t(5;7)(p;q),der(7)t(7;X)(q;q),+8,+8, − 9,+10,+11, t(12;16)(q13;p11)x2, − 13,+14, − 15,+18,+19,+20,+21,+22 [6] ( Figure 1c ). Several additional non-clonal rearrangements were found. The cell line has at least two main subpopulations based on the presence of one or two copies of the translocation t(12;16)(q13;p11) and with two or one copies of chromosome 12 and 16 to complement the triploid genome, respectively. The two different clones are still present in the same proportion, two copies of the translocation vs one copy of the translocation in a ratio of 1:1.7, after long term in culture. All chromosomal aberrations that are found at least two times are included in the composite karyotype. The karyotypes are made according to the guidelines of the International System for Human Cytogenetic Nomenclature. 50 
Fusion-Type Characterization
The FUS-DDIT3 fusion type was determined with reverse transcriptase-PCR and sequencing. A type 1 fusion was found in the DL-221 cell line, fusing the first seven exons of FUS to the entire reading frame of the DDIT3 gene. The 402-91 and 1765-92 cell lines were included as positive controls in Figure 2a and show as expected type 1 and type 8 fusions, respectively. After electrophoresis the chimeric products reveal a band at the position corresponding to the size of the fusion product. A band was observed around 136 bp in 402-91 and DL-221, consistent with a type 1 fusion product, whereas a larger band at 730 bp was found for 1765-92 due to additional FUS exons in the type 8 fusion product. Figure S1) . 51 Merging of the immunoblots of FUS (green) and DDIT3 (red) revealed a yellow band in each of the three cell lines, confirming that it represents the fusion oncoprotein (Figure 2b ).
Molecular Characterization: Mutation Analysis and Myxoid Liposarcoma-Associated Biomarkers
Target-panel sequencing revealed two different TP53 mutations in the cell line, c.374C4G, p.T125R in exon 4, and c.715A4G, p.N239D in exon 7. The original tumor also harbored these pathogenic variations. 52 Mutational analysis of the hotspot regions in exons 9 and 20 of PIK3CA did not identify an aberration in the tumor or cell line, nor any other mutations in this gene as confirmed with whole-exome sequencing. No TP53 nor PIK3CA aberrations were found in 402-91 or 1765-92. Mutational analysis of the TERT promoter region revealed a C228T mutation in DL-221 (Supplementary Figure S2) . Next, we confirmed the presence of the previously reported C228T hotspot mutation in 402-91 and 1765-92. None of the cell lines harbored the second reported hotspot mutation in MLS, C250T. 26 PTEN expression was retained in all three cell lines (Figure 3a) . Analysis of the expression of MLS-associated biomarkers with western blots showed a strong expression of total AKT in all three cell lines, whereas phospho-AKT (pAKT-473) was only found in 402-91 and 1765-92 (Figure 3b) . The presence of p53 protein in DL-221 was confirmed with western blot analysis, which must be a mutated protein. The p53 protein was abundantly present in 402-91 and 1765-92, but the expression levels are not necessarily relevant in these two cell lines due to the SV40 immortalization, as reported previously. 53 AXL was highly expressed in 1765-92, moderately expressed in DL-221 and minimally expressed in 402-91 (Figure 3a) . The protein expression of HDAC-1, -2, and -3 was evaluated. All three histone deacetylase family members were expressed in 402-91, all except HDAC3 in 1765-92, and HDAC-2 and -3 in DL-221 (Supplementary Figure S3) . The 402-91 had a moderate immunohistochemical expression of NY-ESO-1; both DL-221 and 1765-92 showed strong expression. The biomarker status of the three MLS cell lines is shown in Table 1 .
Cytotoxicity experiments with colorimetric assays were performed to determine the effect of treatment on cell viability. The conventional chemotherapeutic doxorubicin was highly toxic for all three MLS cell lines. For DL-221 the IC 50 Mouse Studies DL-221 cells from passage 15 were injected subcutaneously in the flank of two NOD-SCID-ILR2 gamma mice. Tumor development was observed in both mice and they were sacrificed at day 79 and 92 post injection, due to ulcerated tumor burden (Figure 5a ). No metastatic lesions were found. Histological evaluation of the xenografts revealed a similar morphology, consisting of a moderately cell-rich, myxoid lesion with short spindle-shaped, moderately pleomorphic tumor cells. Marked nuclear atypia with hyperchromatic and heterogeneous nuclei was present, and large nucleoli were visible in the majority of the cells (Figure 5b) . A FUS splitapart FISH assay was performed on FFPE sections from both xenografts and revealed a segregation of the signals, consistent with the expected rearrangement at the FUS locus (Figure 5c ). Cells obtained from both first generation resections were successfully passaged. The STR profile of the xenografts revealed the same profile as the original tumor and the cell line (Supplementary Table S2 ). Injection of the two other available MLS cell lines, 402-91 and 1765-92, did not lead to tumor formation in vivo in 16 months.
Next-Generation Sequencing
The metastatic tumor and its derivative cell line both underwent whole-exome sequencing to an average mean coverage of 60 × . Using Varscan1 to compare each sample to the hg19 reference genome, a total of 1254 exonic variants were called (1230 nonsynonymous, 23 stopgains, 1 stoploss), 960 of which were shared between the two samples. Among those shared, 38 genes overlap with the Sanger Cancer Gene Census, 10 of which were 'Probably damaging' by Polyphen2 and 7 with 'Medium Impact' by Mutation Assessor. Analysis of these alleles using DAVID showed significant P-values from both Panther (P = 5.2 × 10 Figure S4) . Driver mutations such as the two TP53 missense mutations p.T125R and p.N239D that were characterized in the primary tumor were confirmed in both samples and retained consistent allele frequencies (metastatic p.T125R 0.43 allele freq, depth = 54, cell line 0.46 allele freq, depth = 54; p.N239D metastatic 0.4 allele freq, depth = 37, cell line 0.32 allele freq, depth = 50). These two variants are not found in any of the population databases ESP6500 and 1000G. As well, the FUS-DDIT3 translocation was confirmed from split reads found using Meerkat and a call found with Breakdancer that was~1 kb away from the actual breakpoint (Supplementary Tables S4 and S5) . 46 By MuTect, 63 exonic variants were found in the metastatic tumor that were absent from the cell line, whereas 32 exonic variants were present in the cell line but not in the tumor.
A small group of 28 nonsynonymous alleles were selected for during cell line establishment, as evidenced by increases in allele frequencies of 40.5 (Supplementary Table S6 ). There are several possible explanations for these frequency changes. First, all of these alleles come from just three chromosomes: chr2 (9/28), chr4 (6/28), and chr9 (13/28), which could be due to copy number events. The losses of both chromosomes 4 and 9 seen by FISH karyotyping of the cell line would explain the loss of heterozygosity effects that resulted in allele frequencies of 1 in the cell line for these two chromosomes. Other possibilities are that clonal selection or purification of the tumor from normal cell contamination resulted in higher allele frequencies, which may explain those alleles from chromosome 2. Of these 28 alleles, five are predicted 'Probably damaging' by Polyphen2 (FAT4 p.P1313S; DSPP p.D1152N; SP140L p.C181R; IFIH1 p.L125M; and IPPK p.R130W).
DISCUSSION
Myxoid liposarcoma is a relatively common sarcoma subtype, yet there are only two previously established cell lines that are widely available. 33 Representative models for preclinical testing, including cell lines and functioning xenografts, are essential to understanding the underlying molecular determinants of round cell and metastatic progression in this disease and to identify and develop targeted therapeutic strategies.
Here, we report the establishment of a new MLS cell line (DL-221) and demonstrate that this cell line can be successfully used in a xenograft model. The cell line was grown from isolated myxoid liposarcoma cells from a metastatic pleura lesion. After 14 months of culturing, a fast growing clone emerged and was expanded. DL-221 has been cultured for more than 24 months and shows a stable doubling time of around 30 h. In contrast to the two other established MLS cell lines, 402-91 and 1765-92, which were both immortalized by induction of the large T-cell SV40 antigen, 33 DL-221 is the first published MLS cell line that underwent spontaneous immortalization. SV40 suppresses the transcriptional activity of the tumor suppressor p53 and hence affects the p53 pathway in the cells. SV40 immortalization also involves the inactivation of other growth suppressors as pRB and SEN6. 54 This has to be kept in mind when studying the in vitro effect of new treatment options in these cell lines, as it is not fully representative of the oncogenic process that occurs in human patient tumors. One of the reasons for the limited MLS models could be the difficulty of culturing them in vitro, which has been our experience as well. This might be related to a lack of necessary cytokines, growth factors, adhesion molecules, or endothelial cells in the extracellular environment, difficulty in adjusting to a monolayer culture or a combination of these factors. Most primary cultures from MLS tumor tissues slow down after several weeks or months in culture, and finally result in terminal fat differentiation or senescence.
Exome sequencing of the original tumor and the DL-221 cell line was performed to search for new genetic aberrations that are common between the cell line and original tumor, and those that arise in the cell line specific to the stress of growing in culture. The FUS-DDIT3 translocation and the TP53 mutations were present in both samples.
The DL-221 cell line was regularly tested for the presence of the chimeric fusion oncogene, which was confirmed by FUS split-apart FISH on interphase cells. COBRA-FISH karyotyping of metaphase cells revealed a near triploid karyotype with several numerical and structural aberrations including the characteristic balanced t(12;16)(q13;p11). The tumor cell population consists of two clones, which differ in the number of copies per cell of this translocation. The most common clonal cell population contains one copy of the translocation and the other clone two (with the ratio of the clones being 1.7:1), and this was stable across multiple passages. It is as yet unknown if this has any consequences on the level of FUS-DDIT3 fusion product in the different clones. Fusion-type characterization revealed a type 1 product, fusing exon 7 of FUS to the complete coding sequence of DDIT3. This is the same fusion as in the cell line 402-91; whereas the 1765-92 cell line carries the longer type 8 fusion. No cell line is available with the most common (65%) type 2 fusion; by comparison type 1 fusions are encountered in 22% of patients, whereas type 8 fusions are rare. 2, 13 MLS can contain several additional molecular genetic alterations, like TP53, PIK3CA, and TERT mutations, which directly influence tumor cell biology and might be involved in round cell transformation, migration capacity, and differential response to drugs. Alterations of the p53 pathway have been described in several studies on MLS and the percentage of cases with an alteration varies from o5 to 83%. 2, 8, 24, 55, 56 Whole-exome sequencing of the DL-221 cell line revealed two TP53 missense mutations, T125R in exon 4 and N239D in exon 7; both mutations lead to the substitution of an amino acid of a different class and are expected to be deleterious. Sanger sequencing of exon 4-10 did confirm the mutations in exons 4 and 7. TP53 alterations are most frequently encountered in the hotspot exons 5-8; these two mutations have both been reported before in carcinomas (cosmic database). PIK3CA mutations have been identified in 14-18% of the MLS cases and are associated with round cell progression and shorter disease-specific survival. 22, 23 Loss of PTEN expression, which is mutually exclusive with PIK3CA mutations, and IGF1R overexpression are other mechanisms to activate the PI3K/AKT pathway. Immunohistochemical expression of the downstream pathway member, phosphorylated 4EBP1, is significantly correlated to pathway activating events, and p-4EBP1 is highly expressed in 60% of MLS. All three cell lines are wild-type for PIK3CA and retain PTEN expression. Total AKT was expressed in all three cell lines, whereas p-AKT473 was only present in 402-91 and 1765-92, possibly implying that the PI3K pathway is activated in the 402-91 and 1765-92 cell lines but not in the DL-221 cell line. A minor response has been reported in two MLS patients treated with mTOR inhibitors (everolimus and temsirolimus), a downstream target of the PI3K pathway. 57 These findings warrant testing of the several new inhibitors of PI3K, AKT, and mTOR in the preclinical and clinical setting for MLS. Expression of the receptor tyrosine kinase AXL is associated with metastasis and worse outcome in several malignancies, and has been identified as a prognosticator of disease-specific survival in MLS patients. 8 AXL was present in DL-221 and 1765-92 but is only weakly expressed in 402-91. This might indicate that AXL inhibition is a candidate treatment in a subset of MLS. Point mutations in the telomerase reverse transcriptase (TERT) promotor region have been identified in 23% (3/13) to 74% (29/39) of MLS. 25, 26 This broad range in the mutation rate warrants investigation of more patients to elucidate the role of TERT mutations in MLS. The mutation creates a new transcription factor-binding site leading to an upregulation of TERT and finally lengthening of the telomeres. DL-221 carries the C228T mutation, as do both the other cell lines we tested. NY-ESO-1, a cancer-testis antigen expressed in the majority of the myxoid liposarcomas, 30 is strongly expressed in 1765-92 and DL-221 cells. The patients from whom these cell lines originated could have been candidates for NY-ESO-1 directed immunotherapeutic approaches and the cell lines might serve as good models to test its efficacy. 58 HDAC inhibitors have shown inhibitory and cytotoxic effects on several soft tissue sarcoma tumor cell models grown in vitro and in vivo, including the 402-91 cell line. 59 The MLS fusion gene can affect gene transcription processes by interacting with C/EBP family members; in addition, the EWSR1-DDIT3 fusion gene has shown to act on at an epigenetic level and enhance histone deacetylation and DNA methylation. 60 Epigenetic alterations might be involved in the transcriptional regulation of MLS. Expression of HDAC members − 1, − 2, and -3 was investigated. HDAC-2 was the only one showing moderate to strong expression in all three cell lines, thereby making this a potential target for treatment. 61 HDAC-1 and -3 were moderately expressed in 2 out of 3 cell lines. A recent phase II trial with a pan-HDAC inhibitor SB939 as a single agent tested in 22 translocationassociated sarcoma patients (5 of whom had MLS) revealed no objective responses but 2 out of 4 evaluable MLS patients achieved stable disease. 62 Those patients with high HDAC-2 expression appeared to benefit the most; [61] [62] [63] however extensive preclinical selection of the most promising HDAC inhibitors might be worthwhile in specific soft tissue sarcoma subtypes. DL-221, similar to the other two cell lines displays sensitivity to the commonly used chemotherapeutic doxorubicin; we are in the process of performing a high throughput drug screen to look for activity with novel targeted agents.
In summary, DL-221, a new spontaneously immortalized myxoid liposarcoma cell line and generated xenograft, represents a much-needed addition to the in vitro and in vivo models available to study this disease. We also report whole-exome sequencing to reflect the concordant abnormalities between the cell line and original tumor, data informative for preclinical testing and selecting novel targeted therapeutics that might be translated to the clinic. We hope this cell line and xenograft model will serve to accelerate the pace of preclinical and translational research in MLS, leading to new treatment options to prevent or treat metastatic disease.
Supplementary Information accompanies the paper on the Laboratory Investigation website (http://www.laboratoryinvestigation.org).
ACKNOWLEDGMENTS
This work is supported by the Liddy Shriver Sarcoma Initiative.
DISCLOSURE/CONFLICT OF INTEREST
The author declares no conflict of interest.
